Good-to-excellent yields of 2,3-Disubstituted norbornenes (or norbornanes) were obtained using a Pd/Cu catalyzed three-component ternary coupling reaction of aryl halides, norbornadiene (or norbornene), and alkynols in toluene at 100 o C in the presence of 5.5 M NaOH as a base and benzyltriethylammonium chloride as a phase transfer catalyst. The results of experiments using various aromatic halides suggest that the ternary coupling reaction is promoted by bromide.
Introduction
Transition metal-catalyzed multi-component coupling reactions are important in the single step construction of complex molecules. [1] [2] [3] [4] [5] [6] [7] They are also potentially of importance in the development of a new precision polycondensation technique in which more than three kinds of building block can be sequentially incoperated into polymer chains. 8 In general, the reported ternary coupling systems consist of aromatic halides (or vinyl halides), nucleophiles, and unsaturated systems such as allenes, carbon monoxide, and olefins. To ensure that the objective reaction is selective, great efforts have been made to avoid the direct crosscoupling of organic halides with nucleophiles. For example, Kosugi et al. [9] [10] [11] [12] [13] have reported that the reaction of aryl halides, norbornadiene (or norbornene), and organostannanes in the presence of a palladium complex provides an analogous overall transformation. Although acetylenes containing heteroatoms at their propargylic positions are also suitable for achieving the ternary coupling reaction, [14] [15] [16] the use of terminal acetylenes might give rise to binary coupling products of aryl halides with the acetylenes in addition to the ternary coupling products (Scheme 1). Owing to the toxicity and rather high price of organotin compounds, [17] [18] it is of practical importance to find an alternative candidate that could be employed in ternary coupling involving organic halides and norbornene. On the basis of the fact that alkynols serve as equivalence of terminal acetylenes, 19 we report here technique for achieving three-component coupling of aromatic halides and norbornadiene using alkynols as one of the components (Scheme 2).
Results and Discussion
The three-component coupling reaction using bromobenzene (1A), 4-methoxyphenyl-2-methyl-3-butyn-2-ol (4a), and norbornadiene (2) was carried out at 100 o C for 2 days in toluene/5.5 M NaOH in the presence of benzyltriethylammonium chloride and Pd(PPh3) 2Cl2/CuI catalyst (2% Scheme 1 Scheme 2 molality). A 94% yield of 2,3-disubstituted norbornene (5Aa) was obtained ( Table 1 , run 1). The proposed structure of 5Aa was confirmed objectively by 1 H-NMR, 13 C-NMR, IR spectrometry, and elemental analysis. For example, 1 H-NMR spectrum strongly supported that 5Aa consists of building blocks originated from the three kinds of components ( Figure  1 ). That is, peaks originated from three different components were observed at 6.22, 6.37 (the double bond in norbornene moieties), 6.65, 6.67 (phenylene originated from alkynol), and 7.27 ppm (phenyl from bromobenzene), respectively.
In the 13 C-NMR spectrum, the signals for three building blocks were also observed at 83.9, 93.7 (the carbon atoms of acetylene moieties), 139.8 (the carbon atoms of the double bond in norbornene), and 55.1 ppm ( the carbon atom of methoxy), respectively ( Figure 2 ). The structure of 5Aa was identified as the cis, exo form on the basis of observations on the structure of the products obtained using the method of Kosugi et al. [9] [10] [11] [12] [13] and Chiusoli et al.
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The rate of the ternary coupling reaction largely depends on the inorganic bases employed. Both NaOH and KOHexhibiting strong basicity -are more suitable (Table 1, runs 1 and 2) than bases exhibiting weaker basicity (Table 1, runs  3-5) . Thus, NaOH was used for the present study. The effect of NaOH on the ternary coupling reaction was investigated using bromobenzene (1A) and iodobenzene (1B) (Figures 3  and 4) . The ternary coupling reaction did not take place in the absence of NaOH, but the prence of at least an equimolar amount of NaOH resulted in a smooth reaction. The addition of excess NaOH accelerated the reaction, although the yield of the product did not change significantly. From the conversion of 1A and 1B monitored by gas chromatography (GC), it was confirmed that the ternary coupling reaction proceeded smoothly to reach 100% conversion within 8 h. The results of the ternary coupling reactions of bromobenzene, iodobenzene, and phenyl triflate (1A, 1B, and 1C, respectively), 2, and 4a are summarized in Table 2 (runs 1-3). From 1B, a 73% yield of the coupling product was obtained after the reaction had proceeded for 2 days. In the case of 1C, the ternary coupling reaction at 100 (C for 2 days produced a low product yield (41%), although its conversion was complete within the reaction after 1 h, which might be due to the competitive hydrolysis of 1C. In fact, when two equivalent amounts of 1C were used under the same reaction conditions, the yield of the product increased to 79% ( Table  2 , run 4).
From the experiments using aryl halides bearing substitutents on the para position in the ternary coupling reaction with 2 and alkynols (4a or 4c), those having electrondonating substitutents (1A and 1E-1G) gave excellent yields of the desired products (Table 2 , runs 1, 5, 10, 12, and 13), while that having an electron-withdrawing group gave a slightly lower yield of the product (Table 2 , run 6). Likewise, alkynols having electron-withdrawing groups reduced the yield of the products ( Table 2 , runs 7 and 9). It is noteworthy that the addition of NaBr to the reaction mixture led to a substantial increase in the yield of the products and the conversion of the starting materials ( Figure 3 and Table  2 , run 8). Although the role of NaBr remains unclear, one possible explanation is that the added bromide displace the palladium ligand.
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The palladium-catalyzed ternary coupling reaction was investigated using various aryl halides, norbornadiene (or norbornene), and alkynols. The results are summarized in Table 3 . Aryl halides such as (E)-β-bromostyrene, 2-bromothiophene, para-substituted iodobenzene, and 1,4-diiodobenzene produced excellent yields of the corresponding ternary coupling products (Table 3 , runs 1-4). As an olefin component, norbornene (3) also produced excellent yields of the corresponding ternary coupling products (Table 3 , runs 5-7).
On the basis of the reported mechanism for the palladiumcatalyzed coupling reaction, 2, 3, 10 we propose that the present reaction pathway was as shown in Scheme 3. That is, the catalytic cycle may consist of four distinct stages: (a) oxidative addition of the aryl halide (B) to Pd(0) (A), (b) insertion of norbornadiene (D) to the aryl-Pd moieties (C), (c) formation of the complex (H) via transmetallation with a copper acetylide (G) generated by the reaction of alkynol (F) with copper (I) in the presence of base, and (d) reductive elimination of complex (H) produces the 2,3-disubstituted norbornene product (I) with regeneration of the Pd(0) (A) species.
In summary, a convenient method for a tin-free threecomponent coupling reaction of aryl halides, norbornadiene (or norbornene) with alkynols has been successfully developed to provide good-to-excellent yields of the desired 2,3-disubstituted norbornenes (or norbornanes).
Experimental Methods
General Considerations. Nuclear magnetic resonance (NMR) spectra were recorded in CDCl 3 on a JNM-EX400 spectrometer ( 1 H NMR: 400 MHz and 13 C NMR, 100 MHz). IR spectra were obtained on a JASCO FT/IR-5300 spectrometer. Gas chromatography (GC) analyses were performed out on a Shimadzu GC-14B equipment. Mass spectra were obtained by EI method or the FAB method using a Hitachi M-80 or a JEOL JMS-SX102 mass spectrometer. Toluene was dried and deoxygenated by refluxing and distilling from sodium/benzophenone ketyl under nitrogen. Bromobenzene (1A), iodobenzene (1B), phenyl trifluoromethanesulfonate (1C), 4-bromotoluene (1E), 4-bromoanisole (1F), (E)-β-bromostyrene (1H), and 2-bromothiophene (1L) were purified by distillation. 4'-Bromoacetophenone (1D), 4-Iodoanisole (1G), 4-chloroiodobenzene (1I), and 1,4-diiodobezene (1K) were purified by recrystallization from nhexane. 4-Dodecyloxyiodobenzene (1J) was prepared by the reaction of 4-iodophenol with 12-bromododecane and was purified by recrystallization from n-hexane.
Norbornadiene (2) and norbornene (3) were dried over CaH2 and distilled under nitrogen. All the reactions were carried out in a degassed sealed tube.
Synthesis of Alkynols. 19 The typical procedure, for 4-Methoxyphenyl-2-methyl-3-butyn-2-ol (4a), was as follows. 4-Iodoanisole (4.680 g, 20 mmol), palladium(II) chloride (0.0469 g, 0.4 mmol) triphenylphosphine (0.3148 g, 1.2 mmol), copper (I) iodide (0.1524 g, 0.8 mmol), 2-methyl-3-butyn-2-ol (1.851 g, 22 mmol), diethylamine (20 mL), and THF (40 mL) were added to a 100-mL two-necked, round bottom flask equipped with a reflux condenser, magnetic stirrer chip, and nitrogen-gas inlet. The mixture was stirred at ambient temperature for 5 h under nitrogen, and then the solvent was evaporated under vacuum. After the addition of water (200 mL) and diethyl ether (100 mL), the organic layer was separated and dried over MgSO 4 . After removal of the solvent in vacuo, the product was recrystallized from toluene to produce a 98% yield of white powders (3.73 g, 19.6 mmol). 
Products. cis, exo-2-Phenyl-3-(4-methoxyphenylethynyl)-

